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Introduction {#sec001}
============

Macrophages are the sentinels of the immune system and in concert with neutrophils, serve as the first line of defence against viral, bacterial and parasitic infections \[[@pone.0220974.ref001],[@pone.0220974.ref002]\]. Additionally, they might be important in clearance of non-protein based particulate matter (including nanomaterials (NMs)). Macrophages can act not only as professional antigen presenting cells (APC), but also have crucial pro- or anti-inflammatory roles, dependent on how they are activated \[[@pone.0220974.ref003],[@pone.0220974.ref004]\]. Macrophages are normally in a non-activated state, but can be activated by an assortment of stimuli during the immune response \[[@pone.0220974.ref005]\]. Generally speaking, phagocytosis provides the initial antigen stimulus for activation of macrophages, but other factors such as cytokines secreted by helper T lymphocytes, including interferon gamma (IFN-ϒ) also heavily contribute to the process. In fact, IFN-ϒ is one of the most effective macrophage activators---("classically\" activated macrophages).

A crucial characteristic of macrophages is their functional plasticity, predominantly with regards to their response based on the inflammatory microenvironment. This response can be generally categorised into "M1"---pro-inflammatory or "M2"---immunoregulatory. The role of macrophage polarization in the governance of a NM-induced immune response is not yet fully understood. As a further complication, macrophages can adapt to their tissue location, and their biological function can be heavily governed by their location within the specific tissue and in all reality the interactions of these cells with NMs are both tissue- and cell-state-specific \[[@pone.0220974.ref006]\].

Macrophages stand poised to rapidly produce large amounts of inflammatory cytokines in response to danger signals. The production of these cytokines can initiate a cascade of inflammatory mediator release that can lead to wholesale tissue destruction. Hence macrophages are implicated in a wide range of pathological conditions including but not limited to metabolic inflammation \[[@pone.0220974.ref007]--[@pone.0220974.ref009]\], liver hepatitis, fibrosis and cancer \[[@pone.0220974.ref010]\], chronic obstructive pulmonary disease \[[@pone.0220974.ref011]\] and cardiovascular disease \[[@pone.0220974.ref012]\].

Interleukin (IL)6 is an important mediator of innate immunity. The protein is secreted by macrophages; and instigates various innate immune signalling cascades resulting in an augmentation of inflammatory responses and cell recruitment \[[@pone.0220974.ref013]\]. Furthermore, the cytokine is responsible for stimulating acute phase protein response from the liver as well as the production of neutrophils \[[@pone.0220974.ref014],[@pone.0220974.ref015]\].

Tumour necrosis factor-α (TNF-α) is one of the main contributors to septic shock. They stimulate the release of corticotropic releasing hormone, which induces fever, and suppress appetite. Furthermore, it also stimulates the acute inflammatory response by promoting the synthesis of C-reactive protein and other mediators in the liver. TNF-α also induces vasodilation and loss of vascular permeability both critical for leukocyte infiltration. The cytokine is also important in the recruitment of inflammatory cells to the inflammation site \[[@pone.0220974.ref016]\].

IL1β is an extremely strong pro-inflammatory cytokine. Similarly to TNF-α, IL1β is an endogenous pyrogen that is produced at the early stages of the immune response to infections and physical stress. During an inflammatory response, IL1β stimulates the production of acute phase proteins from the liver and acts to induce fever and prostaglandin secretion \[[@pone.0220974.ref017]\].

IL10 is a multi-functional cytokine with diverse effects on a wide range of cells. The cytokine's principle function is to terminate inflammatory responses \[[@pone.0220974.ref018],[@pone.0220974.ref019]\]. The cytokine also plays a crucial role in the differentiation of regulatory T cells, which are involved in the control of inflammatory responses and development of immune tolerance \[[@pone.0220974.ref019]\].

Nanotechnology promises significant economic and societal benefits, but the commercialization of this technology is partially hindered by safety concerns. Due to the limitations of traditional mono-culture cellular models and the advances in the field of toxicology, increasingly advanced multi-cellular *in vitro* safety assessment models are being developed in order to allow for a better predication of potential adverse effects in humans. Many of these models include a macrophage population (as is the case in European Commission funded project PATROLS project) \[[@pone.0220974.ref020]\], where multi-cellular *in vitro* 3D models of lung, gastrointestinal tract and liver all incorporate a macrophage population. As suggested above, the selection of the correct macrophage cells is critical for a physiologically relevant and realistic immune response, which would allow for the *in vitro* system to be considered as a better surrogate to animal models. This study was designed to scrutinize the profile of cytokine responses by activated and non-activated THP-1 (immortalized monocyte-like cell line), primary human Kupffer cells (KCs) (liver resident macrophages) and human primary peripheral blood mononuclear cells (PBMC).

In these experiments, the macrophage models were all exposed to a panel of NMs---namely---zinc oxide (ZnO), silver (Ag), titanium dioxide (TiO~2~) and quartz containing \~ 87% crystalline silica (DQ12). These NMs have been extensively studied previously both in *vitro* and *in vivo* \[[@pone.0220974.ref021]--[@pone.0220974.ref026]\], allowing this study to benchmark the macrophage model responses to existing data. Additionally, ethanol was included as a non-particulate chemical control.

Materials and methods {#sec002}
=====================

Nanomaterials {#sec003}
-------------

The NMs were sourced as follows: TiO~2~ (JRC Nanomaterials Repository---Italy, JRCNM01005a), ZnO (JRC Nanomaterials Repository---Italy, JRCNM01101a), Ag (Fraunhofer IME---Germany, NM300-K) and crystalline silica (Institute of Occupational Medicine---UK, DQ12). The NMs were sub-sampled under Good Laboratory Practice conditions and preserved under argon in the dark until use (with the exception of the DQ12).

Characterisation of the materials {#sec004}
---------------------------------

The investigated particles were characterised using a combination of analytical techniques in order to infer primary physical and chemical properties important for understanding their toxicological behaviour. These measured physical and chemical properties have been described in detail previously \[[@pone.0220974.ref027],[@pone.0220974.ref028]\]. Furthermore, the hydrodynamic size distributions of the particles in the different biological media were determined at a concentration of 10 μg/ml at 24 hr by Dynamic Light Scattering (DLS) using a Malvern Metasizer nano series---Nano ZS (USA) ([Table 1](#pone.0220974.t001){ref-type="table"}).
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###### Main physical and chemical properties of investigated NMs.

![](pone.0220974.t001){#pone.0220974.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  NM code       NM type   Phase            Primary size (nm)   Surface area\   Known coating                                                Size in RPMI (nm)[^Ψ^](#t001fn001){ref-type="table-fn"}   Size in KC medium (nm)[^Ψ^](#t001fn001){ref-type="table-fn"}
                                                               \[m^2^/g\]\                                                                                                                            
                                                               (BET)                                                                                                                                  
  ------------- --------- ---------------- ------------------- --------------- ------------------------------------------------------------ --------------------------------------------------------- --------------------------------------------------------------
  JRCNM01005a   TiO~2~    Rutile-anatase   15--24              46              None                                                         337.47±8.27                                               427.5±39.2

  JRCNM01101a   ZnO       Coated           152                 15              Triethoxycaprl-silane                                        261.1±6.45                                                287.4±8.72

  NM300-K       Ag        \-               15                  \-              4% each of polyoxyethylene glycerol trioleate and Tween 20   35.1±1.05                                                 56.57±3.83

  DQ12          Silica    \-               \-                  \-              None                                                         256.87±3.24                                               229.2±22.9
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^Ψ^ Size in biological media measured within 30 min of sonication.

Isolation of primary blood macrophages from buffy coats {#sec005}
-------------------------------------------------------

Buffy coats (fraction of an anticoagulated blood sample that contains most of the white blood cells and platelets following density gradient centrifugation of the blood) were obtained from the Scottish National Blood Transfusion Service. Buffy coat was prepared to a concentration of 1/4 in PBS, before being distributed equally into four 25 ml falcon tubes. Next, 13 ml of Lymphoprep (Stem Cell Technologies, UK) was pipetted underneath the blood/PBS mixture. The tubes were centrifuged at 1000xg for 20 min at 25°C with slow deceleration. The PBMC layer was removed into two Falcon tubes and made up to 50 ml with PBS. The tubes were again centrifuged for 8 min at 500 g, and the supernatant removed. The cells were re-suspended with a small volume of PBS and pooled. The volume was made up to 50 ml using PBS and a cell count performed. Following a further centrifugation step for 8 min at 500 g, the cell pellet was re-suspended in MACS buffer (Miltenyi Biotech Limited, UK) (0.5% BSA, 2 mM EDTA, PBS and adjusted to pH 7.2) (80 μl---10^7^ total cells) and human CD14 microbeads (Miltenyi Biotech Limited, UK) (10 μl per 10^7^ cells) were mixed well and incubated for 15 min in the fridge. The tube was filled to 50 ml with MACS buffer and centrifuged for 8 min at 500 g. The supernatant was removed and the cell pellet was re-suspended in 500 μl of MACS buffer per 10^8^ cells \[[@pone.0220974.ref029]\].

The cells were separated using a separation column fitted into a magnetic column (midiMACS separation system---Miltenyi Biotech Limited). The column was primed by flushing with 3 x 3 ml volumes of MACS buffer before the cell suspension was added. The column was washed with 3 x 3 ml volumes of MACS buffer and the unlabelled cells collected. The labelled cells (monocytes) were collected by removing the column from the magnet and flushed with 5ml of MACS buffer. The cells were washed as previously described and adjusted to the required number.

Cell culture and activation {#sec006}
---------------------------

The THP-1 cells were was obtained from ATCC (USA---ATCC TIB-202D). The THP-1 monocytes were differentiated using 10 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma, UK) for 24 hr. The cells were maintained in RPMI (Gibco, UK) medium supplemented with 10% Fetal Calf Serum (FCS) (Gibco, UK), 2 mM L-glutamine, 100 U/ml penicillin/streptomycin (Gibco, UK) at 37°C and 5% CO~2~.

The primary human KCs were purchased from Axol Bioscience Limited (UK). The KCs were thawed in phenol red free Dulbecco\'s Modified Eagle Medium (DMEM) (Gibco, UK) supplemented with 5% FBS, 2 nM glutamax (Gibco, UK), 15 mM HEPES (Sigma, UK) and 100 U/ml penicillin/streptomycin. The KCs were seeded on type I collagen (Thermo Scientific, UK) coated plates. The liver macrophages were maintained in phenol red free DMEM supplemented with 10% FCS, 1% non-essential amino acids (Sigma, UK), 2 nM glutamax, 15 mM HEPES and 100 U/ml penicillin/streptomycin.

After isolation, the primary blood monocytes were plated in 6 well plates at a concentration of 10^6^ cells /ml (3 ml per well) in RPMI medium supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin and incubated at 37°C and 5% CO~2~ for 7 days. After this differentiation step, the plates were placed on ice and washed using ice cold PBS. One millilitre of PBS containing 1 mM EDTA was added to each well and incubated on ice for 30 min. The cells were scraped from the wells using a cell scraper, re-suspended in complete RPMI medium and adjusted to the required concentration prior to plating in 96 well plates.

For the cytokine analysis experiments, all macrophages were utilised at 10^4^ cells per well in a 96 well plate format. For subsequent experiments the macrophage models were either used in a non-activated form, or after activation utilising 20 ng/ml of IFN-ϒ plus 1 μg/ml lipopolysaccharide (LPS) (both Sigma, UK) for 12 hr \[[@pone.0220974.ref030]\].

NM dispersion and xenobiotic treatment {#sec007}
--------------------------------------

NMs were prepared following the NANOGENOTOX dispersion protocol \[[@pone.0220974.ref031]\]. Following the sonication step, the stock solution of NMs (1 mg/ml) were immediately transferred to ice before being diluted in appropriate complete medium just prior to the experiments. In this experiment, two NM concentrations were used: 5 (Low) and 10 (High) μg/ml (total volume of 100 μl added to each well) as well as negative control (cell culture medium). The two selected NM doses are "relatively low" and were selected based on preliminary data shown to have very little to no cytotoxicity as measured via (WST-1 assay). Additionally, as two exposure groups the macrophages were treated with ethanol at concentrations of 25 (Low) and 50 (High) mM. The ethanol doses were selected as they were shown to have very little toxicity to the macrophages from the preliminary data for this study and the previously published work in hepatocytes \[[@pone.0220974.ref022]\] yet induced a significant IL8 response from hepatic cell line.

Cytokine analysis {#sec008}
-----------------

Following a 24 hr NM and ethanol treatment, the supernatants were collected and stored at -80°C. The levels of human IL1β, IL6, IL10 and TNF-α was determined in the cell supernatant using R&D Systems magnetic Luminex^®^ Performance Assay multiplex kits (bead based immunoassay; Bio-techne, USA) according to the manufacturers instruction. The proteins were detected via a Bio-Rad Bio-Plex MAGPIX multiplex reader. The technology is constructed on the use of analyte-specific antibodies pre-coated onto magnetic microplates embedded with fluorophores at set ratios for each unique microparticle region.

Statistical analysis {#sec009}
--------------------

For statistical analysis, the experimental results were compared to their corresponding control values using an ANOVA with Tukey's multiple comparison. The statistical analysis was carried out utilizing Minitab 18. A p value of \<0.05 was considered as significant. All experiments were repeated on three separate occasions.

Results {#sec010}
=======

Characteristics of pristine and dispersed NMs {#sec011}
---------------------------------------------

The investigated NMs were extensively characterised by a combination of analytical techniques in order to infer their primary physiochemical properties. A comprehensive description of the measured physical properties for the NMs has been described previously \[[@pone.0220974.ref027],[@pone.0220974.ref028]\] and reproduced in [Table 1](#pone.0220974.t001){ref-type="table"}. Furthermore, in order to investigate how the NMs behaved in the different complete cell culture medium, the hydrodynamic size distribution of the materials was investigated ([Table 1](#pone.0220974.t001){ref-type="table"}). Importantly, no endotoxin contamination (≤ 0.25 EU/ml) was detected in any of the NM suspensions \[[@pone.0220974.ref032]\].

Cytokine secretion from macrophages following xenobiotic exposure {#sec012}
-----------------------------------------------------------------

The changes in cytokine production levels (IL1-β, IL6, IL10 and TNF-α) as a consequence of NM and ethanol exposure was assessed within the supernatant of non-activated and activated macrophage models. From the data, it is evident that the cytokine profile (both in terms of levels of cytokines produced and the protein itself) of the three macrophage models are markedly and significantly different from each other (Figs [1](#pone.0220974.g001){ref-type="fig"}--[4](#pone.0220974.g004){ref-type="fig"}). The data demonstrated that the PBMC secreted the largest quantities of IL1-β, IL6 and TNF-α following NM or ethanol exposure (Figs [1](#pone.0220974.g001){ref-type="fig"}--[3](#pone.0220974.g003){ref-type="fig"}). The same pattern was observed for both non-activated and activated macrophages. Overall, the data demonstrated only small variations in the individual cytokine responses between activated and non-activated macrophages exposed to the same xenobiotic. The control levels of cytokine expression in the non-activated models was expectedly lower as compared for the activated counterparts. As suspected, the IL10 secretion levels was highest for the KCs. However, small but significant levels of the anti-inflammatory IL10 cytokine were produced by the PMBC population following NM and ethanol treatment ([Fig 4](#pone.0220974.g004){ref-type="fig"}). The IL10 response was entirely absent from THP-1 cells. In fact, generally speaking, the cytokine secretion for the THP-1 was relatively low (although statistical significant was reached for IL1β and TNF-α for the non- or activated THP-1 cells. Interestingly, no distinctly clear differences in the cytokine section patterns between the different NMs was apparent.

![IL1β, secretion from activated and non-activated THP-1, KC and PBMCs exposed to NMs or ethanol.\
The cells were cultured with cell medium (C) or exposed to the xenobiotic for a period of 24 hr **a)** IL1β - activated macrophages, **b)** IL1β - non-activated macrophages. The values represent mean ± SEM (n = 3) with significance indicated by \* p \<0.05 and \*\* p \<0.005 of NM-induced effects compared to negative control, \$ p \<0.05 and \$\$ p \<0.005 signifying statistical differences between the cell types. In order to avoid asymmetry in the statistical distribution of the data the cell population that was clearly different from the others with regards to cytokine secretion levels was excluded in the statistical analysis---i.e. PBMC for IL1-β.](pone.0220974.g001){#pone.0220974.g001}

![IL6 secretion from activated and non-activated THP-1, KC and PBMCs exposed to NMs or ethanol.\
The cells were cultured with cell medium (C) or exposed to the xenobiotic for a period of 24 hr **a)** IL6---activated macrophages, **b)** IL6---non-activated macrophages. The values represent mean ± SEM (n = 3) with significance indicated by \* p \<0.05 and \*\* p \<0.005 of NM-induced effects compared to negative control, \$ p \<0.05 and \$\$ p \<0.005 signifying statistical differences between the cell types. In order to avoid asymmetry in the statistical distribution of the data the cell population that was clearly different from the others with regards to cytokine secretion levels was excluded in the statistical analysis---i.e. PBMC for IL6.](pone.0220974.g002){#pone.0220974.g002}

![TNF-α secretion from activated and non-activated THP-1, KC and PBMCs exposed to NMs or ethanol.\
The cells were cultured with cell medium (C) or exposed to the xenobiotic for a period of 24 hr **a)** TNF-α - activated macrophages, **b)** TNF-α - non-activated macrophages. The values represent mean ± SEM (n = 3) with significance indicated by \* p \<0.05 and \*\* p \<0.005 of NM-induced effects compared to negative control, \$ p \<0.05 and \$\$ p \<0.005 signifying statistical differences between the cell types. In order to avoid asymmetry in the statistical distribution of the data the cell population that was clearly different from the others with regards to cytokine secretion levels was excluded in the statistical analysis---i.e. PBMC for TNF-α.](pone.0220974.g003){#pone.0220974.g003}

![IL10 secretion from activated and non-activated THP-1, KC and PBMCs exposed to NMs or ethanol.\
The cells were cultured with cell medium (C) or exposed to the xenobiotic for a period of 24 hr **a)** IL10---activated macrophages, **b)** IL10---non-activated macrophages. The values represent mean ± SEM (n = 3) with significance indicated by \* p \<0.05 and \*\* p \<0.005 of NM-induced effects compared to negative control, \$ p \<0.05 and \$\$ p \<0.005 signifying statistical differences between the cell types. In order to avoid asymmetry in the statistical distribution of the data the cell population that was clearly different from the others with regards to cytokine secretion levels was excluded in the statistical analysis---i.e. KC for IL10.](pone.0220974.g004){#pone.0220974.g004}

Discussion {#sec013}
==========

Cytokines are powerful signalling molecules that are as crucial to everyday life. They are small proteins that mediate inter/intracellular communication and are produced by numerous cell types but predominately those belonging to the immune system. They coordinate a variety of important processes ranging from the regulation of local and systemic inflammation, chemotaxis, metabolism and tissue repair.

The binding of cytokines to specific cell surface receptors instigate a cell-signalling cascade that orchestrates cell function. This may result in secretion of other cytokines, as well as an increase in the number of surface receptors for other cytokines or in the suppression of the biological response. Cytokines are fundamental to the functions of macrophages, governing the unleashing of an effective immune response and most crucially link an innate and adaptive immune response \[[@pone.0220974.ref033]\]. Another important feature of cytokine biology is that of functional redundancy: the fact that the different cytokines share similar functions. To this end, it is almost impossible to generalize the effect of a particular cytokine \[[@pone.0220974.ref001]\]. Furthermore, it is currently extremely difficult to quantify the levels of cytokine required for a biological response *in vivo* as many factors govern the overall efficacy for a given cytokine (i.e. affinity of binding given cytokine for specific receptor, *c*ompetition of ligand-binding, etc. \[[@pone.0220974.ref033]--[@pone.0220974.ref035]\].

In this study, we compared a range of *in vitro* macrophage models in order to assess their responsiveness to a range of xenobiotics, including NMs and alcohol. The results demonstrate the different macrophage models varied significantly in terms of levels of cytokines produced following a 24 hr xenobiotic exposure. In particular, they differed with regards to the nature of the immune response i.e. whether it was indicative of a pro- or anti-inflammatory response. The data demonstrates that the THP-1 cell line are not great cytokine producers. The PBMC appear to be a great *in vitro* surrogate for circulating/pro-inflammatory macrophages but are not a suitable replacement for hepatic sourced KCs.

It was clear that the PMBCs produced the highest levels of pro-inflammatory cytokines (e.g. IL1β, IL6 and TNF-α), while the KCs secreted sizeable quantities of anti-inflammatory IL10. With respect to the THP-1 cells, these were not effective cytokine producers under the investigated conditions. These findings are similar to a previous examination showing THP-1 being poor cytokine producers as compared to primary macrophages following exposure to carbon nanotubes \[[@pone.0220974.ref036]\].

It might be important to state that a note of caution is required in the interpretation of findings in this study an increased cytokine secretion by a cell population *in vitro* might not necessarily equate to an inflammatory response *in vivo*. This being said, a number of previous studies have shown good correlation of macrophage cytokine secretion responses *in vitro* and *in vivo* post NM exposure \[[@pone.0220974.ref037]--[@pone.0220974.ref039]\]. Furthermore, it is almost impossible to ascertain actual cytokine concentrations that would cause a biological response *in vivo*. Moreover, biological responses are rarely limited to a single organ, and cross-talk between different cell types and organs is essential in a biological response to a toxic challenge.

Interestingly, the pre-activation of the macrophages did not greatly influence the inflammatory response for the xenobiotic exposed macrophages. On occasion, the cytokine secretion was higher for the non-activated macrophages exposed to a given xenobiotic as compared to the activated macrophages of the same group. A final noteworthy observation and as touched upon, was the lack of clear patterns in NM or concentration dependant cytokine response under the experimental confounds. This could potentially be explained by the low concentrations of xenobiotic utilised or the specific time-point investigated. Finally, ethanol treatment was not associated with a dose response for any of the cytokines investigated although distinct variances between the different macrophage types was evident which is clearly indicative of the necessity for the appropriate selection of macrophage populations is not a particulate specific issue.

Conclusion {#sec014}
==========

Overall, the findings from this investigation in addition to the complexities of cytokine biology discussed above, highlight the importance of the selection of appropriate macrophage cell population for a physiologically relevant *in vitro* multi-cellular test systems. As an example, PBMCs are not an appropriate cell type to be used for *in vitro* models of the liver, while the THP-1 cell line is not a good surrogate for primary human PBMCs. The observations from this study are important and highly relevant for the European funded PATROLS project, in which next generation physiologically relevant multi-cellular *in vitro* models of the lung, gastrointestinal tract and liver models are being developed, with the intension to allow improved predictors of *in vivo* toxicological outcomes.
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